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Summary
Oxalate precipitation followed by filtration is used in HB-Line Phase II to prepare plutonium oxalate. Historically, plutonium oxalate has tended to accumulate in the precipitation tanks. These solids are periodically removed by flushing with concentrated (64%) nitric acid. The same precipitation tanks will now be used in the processing of neptunium. Literature values indicate that neptunium oxalate may not be as soluble as plutonium oxalate in nitric acid. 1 HB-Line Engineering requested that the Actinide Technology Section (ATS) evaluate various methods to dissolve or suspend neptunium oxalate that may accumulate in the precipitator.
Although a wide variety of options is available to improve neptunium oxalate solubility for precipitator flushing, most of these options are not practical for use in the HB-Line facility. Many of these options require the use of incompatible or difficult to handle chemicals. Other options would require expensive equipment modifications or are likely to lead to product contamination. Based on review of literature and experimental results, the two best options for flushing the precipitator are 1) 64% nitric acid and 2) addition of sodium permanganate followed by sodium nitrite.
Nitric acid is the easiest option to implement. It is already used in the facility to flush plutonium oxalate out of the precipitator, so the need to change procedures, safety documentation, etc. is minimized. Another important advantage is that nitric acid will not lead to product contamination. Experimental results indicate that neptunium oxalate can be dissolved in concentrated nitric acid (64%) at 60ºC to a concentration of 2.6 to 5.6 grams of Np/liter after at least three hours of heating. A lower concentration (1.1 grams of Np/liter) was measured at 60ºC after less than two hours of heating. These concentrations are acceptable for flushing if precipitator holdup is low (~100-250 grams), but a second method is required for effective flushing if precipitator holdup is high (~2 kilograms).
The most effective method for obtaining higher neptunium concentrations is the use of sodium permanganate followed by the addition of sodium nitrite. This method has been used successfully in the HB Line Phase II filtrate tank to destroy oxalate ions. Since this method is currently in use in HB Line, it is expected that implementation would not be difficult. However, there is concern that residual manganese from these flushes could impact product purity. Gas generation during permanganate addition is also a concern. Experimental results indicate that a solubility of at least 40 grams of Np/liter can be obtained using permanganate at ambient temperature, although it is expected that even higher neptunium concentrations can be achieved.
Introduction
Previous studies of neptunium oxalate solubility focused on minimizing solubility to reduce neptunium process losses during filtration.
1 Figure 1 is a graph of the solubility models developed by Luerkens and the data used to generate those model. Rs* is defined as the solubility parameter and is equal to the molarity of oxalate ions in solution divided by the molarity of nitric acid squared. Although there is some physical basis for Luerkens' models, they are largely empirical and have only been verified for a range of conditions in which neptunium solubility is low. There is no reason to expect that these models would be valid outside of this range. Luerkens also took steps to ensure that neptunium remained in the +4 valence state. The valence state of neptunium may or may not remain at +4 during precipitator cleanout which can significantly affect neptunium oxalate solubility.
Although a wide variety of options are available for dissolving neptunium oxalate, many of these options are not practical for the HB-Line facility. There are several facility constraints that must be considered when evaluating an option. One of the primary concerns is product contamination. Any chemicals added should not contribute to product contamination. Another constraint is temperature. Equipment limitations prevent temperatures exceeding 60ºC, so dissolution methods that require higher temperatures cannot be used. Chemical incompatibility with process chemicals and tank corrosion must also be considered. Options that require extensive equipment modification are to be eliminated. These criteria reduce the possible options for neptunium oxalate dissolution to a relatively small set. A summary of several of the options considered is provided in this section. One possible mechanism for dissolving neptunium oxalate solids is oxidation of Np(IV) to Np(V) or Np(VI). Because Np(V) and Np(VI) do not form insoluble complexes with oxalate, oxidation of Np(IV) would be expected to increase solubility. There are a variety of compounds available to oxidize neptunium, but many are not acceptable for use in precipitator flushing. Table 1 contains some of the chemicals that could be used to oxidize Np (IV). It should be noted that literature information applies to neptunium in solution. The effectiveness of these oxidizers is expected to be reduced for solids. Nitric acid is the only option in Table 2 that appears to be suitable for the HB-Line facility. Nitric acid has several advantages. It is readily available in the facility and it will not lead to product contamination. Unfortunately, this reaction is very slow at expected flushing temperatures (less than 60ºC). Another problem is that several competing reactions also take place which can return neptunium to the +4 valence state. At high acid concentration Np(V) disproportionates to form Np(IV) and Np(VI): 
The presence of nitrous acid, which is formed by the alpha-radiolysis of nitric acid solutions, also affects the valence state of neptunium. 8 Nitrous acid oxidizes Np(IV) to Np(V) and reduces Np(VI) to Np(V). At low nitrous acid concentrations, nitrous acid can also act as a catalyst for the oxidation of Np(V) to Np(VI) by nitric acid. 9, 12 All of these competing reactions greatly complicate the nitric acid/neptunium oxalate system.
Another mechanism for dissolving neptunium oxalate solids is to destroy all of the oxalate ions. Table 2 summarizes a few of the possible methods to destroy oxalate. The methods listed in Table 2 may also oxidize Np(IV). Sodium permanganate appears to be an attractive option. Sodium permanganate has been successfully used in the HB-Line facility to destroy oxalate ion in the filtrate tanks during plutonium processing. The major disadvantage is the possible contamination of the product by manganese oxide solids. Oxalate destruction can be accomplished by the addition of sodium permanganate to the precipitator. Sodium permanganate will also oxidize neptunium and any hydrazine or ascorbic acid, which may be present in the precipitator heel. The oxidation of oxalate, hydrazine, and ascorbic acid by the permanganate ion can be represented by the following equations: 6, 7 Partial reduction of permanganate: The use of nitric acid with a manganese catalyst may be preferable over the use of sodium permanganate due to the very small quantity of manganese that would be required reducing the potential for product contamination. Also, this method is not expected to produce manganese oxide solids. Previous work has analyzed this reaction, but focused on higher temperatures (over 90 0 C). 3, 11 A major concern is that the reaction may occur too slowly at precipitator temperatures (60 0 C or less) to be effective. This reaction tends to be more effective at lower nitric acid concentrations; however, enough nitric acid must be present to react with the oxalate ions. 3, 10 Peroxide is another attractive option, since its use will not lead to product contamination, but it may react too slowly to be of use. Previous studies have shown that destruction of oxalate using peroxide with an ultraviolet (UV) light is very effective. 4 Use of a UV light in the precipitator is not practical. Without UV light, the use of peroxide has been shown to be less effective at destroying oxalate than the previously mentioned manganese-catalyzed nitric acid reaction. 3 Ozone effectively destroys oxalate ions and will not lead to product impurities. 3, 4 However, the use of ozone would require equipment modification for ozone generation and addition of a gas to the precipitator. Ozone also tends to be more effective at higher temperatures.
Sodium dichromate does not appear to be suitable for precipitator flushing. Sodium dichromate is toxic and a carcinogen. Use of sodium dichromate may also lead to product contamination.
There were some methods of increasing neptunium oxalate solubility found in literature that did not fit into the previously discussed categories. These methods are summarized in Table 3 . ). 1 This increasing solubility in the oxalic-rich region can be seen in Figure 1 . As Rs* increases above approximately 0.2, the solubility of neptunium oxalate increases. Unfortunately, no data are available for higher oxalate concentrations of interest (Rs*>10) to support the model predictions.
Literature indicates that neptunium oxalate is soluble in dilute carbonate solutions. 2 Literature speculates that carbonate ions will replace oxalate to form soluble neptunium carbonate complexes. Very few details (concentrations, conditions, etc.) are provided, so it is unclear whether or not this method would be effective. One major disadvantage is that this method requires the introduction of a basic solution to the HB-Line facility which is incompatible with nitric acid. Vigorous off gassing of CO 2 would occur.
Experimental
Preparation of Neptunium Oxalate
Neptunium oxalate solids were precipitated from neptunium solutions that had previously been purified by anion exchange. The entire precipitation was carried out at ambient temperature. The feed solution was adjusted to 4 M nitric acid and 0.05 M ascorbic acid prior to precipitation. The feed was then made 0.05 M in hydrazine to maintain the neptunium in the +4 valence state. A sufficient volume of oxalic acid (0.9 M) was added to precipitate the neptunium and to provide a 0.1 M excess of oxalic acid.
Measurement of Neptunium Concentration
Neptunium concentrations were measured by the Analytical Development Section (ADS) of the Savannah River Technology Center. An aliquot of each sample was diluted to an appropriate activity level using dilute nitric acid and analyzed by gamma spectroscopy analysis using a high purity germanium detector. Alpha counting was also performed by ADS to validate gamma results. An aliquot of each sample was diluted to an appropriate activity level using dilute nitric acid and mounted on a stainless steel counting planchet. The planchet was then counted using both a proportional counter (for gross alpha value) and alpha spectroscopy instrumentation (for pulse height analyses). Reported neptunium concentrations are values obtained by gamma PHA unless otherwise noted.
Nitric Acid Tests
Several tests were performed under various conditions to evaluate the effectiveness of nitric acid in dissolving neptunium oxalate solids. In all of these tests, the neptunium oxalate from precipitation was filtered and the filtrate cake was rinsed using a 2 M nitric acid 0.1 M oxalic acid solution. The rinsed solids were then added to nitric acid. Several standard nitric acid concentrations (41%, 64%, and 69%) were used, but most tests focused on 64% nitric acid. Various temperatures, stirring rates, and contact times were also tested. Samples were taken and analyzed to determine neptunium concentration.
Sodium Permanganate Tests
After precipitation, the neptunium oxalate solids were allowed to settle and most of the solution was decanted. Rinse solution (2M HNO 3 and 0.1 M oxalic acid) was added to the solids and then decanted. Nitric acid (4M) was added to the solids followed by the addition of 4M sodium permanganate. Sodium nitrite was then added to dissolve any manganese oxide solids. Two tests were performed using sodium permanganate: Test 1 -Sodium permanganate and sodium nitrite were added to the solution at ambient temperature and a sample was taken.
Test 2 -Sodium permanganate and sodium nitrite were added to the solution at approximately 60 0 C. The solution was allowed to cool and a sample was taken at ambient temperature.
High Oxalic Acid, Low Nitric Acid Test
Neptunium oxalate solids were filtered from the precipitate slurry. The filtrate cake was rinsed using a 2 M nitric acid 0.1 M oxalic acid solution. These solids were added to a high oxalic acid (0.5 M) and low nitric acid (0.1 M) solution. A sample was taken at ambient temperature.
Manganese Catalyzed Nitric Acid Reaction Test
Neptunium oxalate solids were filtered and rinsed. Neptunium oxalate was then heated at approximately 60 0 C for 9.5 hours in a nitric acid (0.6 M) and manganous nitrate (0.2 M) solution. A sample of the solution was taken at 60 0 C (0.1 ml sample into 1 ml 15.8 M HNO 3 ). The solution was allowed to cool back to ambient temperature over approximately 24 hours and then another sample was taken.
Settling Test
There is some concern that as neptunium oxalate solids remain in the precipitator for several weeks that these solids may be more difficult to suspend/dissolve due to consolidation of particles. It was difficult to perform any quantitative testing, so a simple qualitative test was performed to evaluate this scenario. Neptunium oxalate solids were precipitated using the previously described method. The solids were allowed to settle in a vial for 10 weeks. The solids were then suspended by swirling the vial. Observations were recorded and photos were taken during the suspension of the solids. Careful attention was paid to any evidence of caking or agglomeration of the solid particles.
Results and Discussion
Nitric Acid Tests
Three tests (1A, 2A, and 3A) were performed in which solubility of neptunium oxalate was tested by maintaining acid and neptunium oxalate at temperatures of 22ºC, 45ºC, and 60ºC for approximately two hours with very little mixing. The variable for these tests was nitric acid concentration. Measured neptunium concentrations ranged from 1.5 to 8.9 g/liter. Results are shown in Table 4 . Another sample was taken after solutions were allowed to cool overnight. Notice in Table 4 that for the first three tests (1A, 2A, and 3A) the concentrations after cooling were greater than the initial concentrations at ambient temperature. These higher concentrations suggest oxidation of Np(IV) by nitric acid to the more soluble Np(V) and Np(VI) or destruction of oxalate. Two additional tests (2B and 2C) were run using 64% nitric acid. In Test 2B the neptunium oxalate solids were heated (~60 0 C) in nitric acid for over three hours with significantly more mixing than previous tests(1A, 2A, and 3A). A concentration of 4.4 grams of Np/liter was measured. When the solution was heated for slightly less than two hours during Test 2C, the neptunium concentration was only 1.1 grams/liter.
An additional experiment (2D) was performed with a longer heating time (9.5 hours) with the expectation that longer heating time might result in additional oxidation of neptunium which would be expected to increase solubility. After almost 10 hours of heating neptunium oxalate solids in nitric acid, the neptunium concentration was only 2.6 grams/liter at 60 0 C and 1.1 grams/liter after cooling. These results indicate that increased heating time does not increase solubility. One possible explanation for this phenomenon is the generation of nitrous acid over time by the alpha radiolysis of nitric acid. Nitrous acid can reduce Np(VI) to Np(V) which would then be expected to disproportionate into Np(IV) and Np(VI) in concentrated nitric acid. It is difficult to verify this explanation without any actual information on the valence state of neptunium.
Due to the variability of previous results, an additional 64% nitric acid test was performed (2E). Enough neptunium (~0.1 grams) was added to 21 ml of nitric acid so that if all of the neptunium dissolved the concentration would be approximately 5 grams/liter. All of the neptunium dissolved quickly at room temperature. Analytical results indicated a neptunium concentration of 5.6 grams/liter at 60 0 C. A sample was taken approximately 24 hours later after the solution was allowed to cool and the measured concentration was once again 5.6 grams of Np/liter. There was a very small amount of solids (barely visible) noted in the bottom of the vial. The vial was observed for seven days with no significant change in the amount of solids present. The high concentration observed at room temperature during this test was somewhat surprising. The only major difference between this test and the other tests using 64% nitric acid was that the ratio of neptunium solids to acid volume was much lower in this test. In other tests a surplus of neptunium was added in an attempt to determine the maximum solubility. In Test 2E only the amount of neptunium that was expected to dissolve was added.
In all of the 64% and 69% nitric acid tests, the solutions had a slight pink/brown color. Np(VI) ions in solutions (NpO 2 (H 2 O) 6
2+
) are known to have a pink color 2 ; however, this observation is not a definitive indicator that Np(VI) was present because neptunium nitrate complexes may also have been present which could have affected the color of the solution. 5 It is not expected that Np(V) would be present for long in concentrated nitric acid. Np(V) has a higher tendency to disproportionate into Np(IV) and Np(VI) as acid concentration increases. 5 As described previously, the measured concentration of neptunium in 64% nitric acid varied considerably. Due to the complexity of the nitric acid/nitrous acid/neptunium oxalate system, it is difficult to isolate the source of the variability. There are several possible sources for the scatter in the results. Small amounts of nitrous acid can significantly influence neptunium valence. There were variations in the temperature and the heating time. Several competing reactions are expected to take place which can either oxidize or reduce neptunium. Without direct information on the valence state of neptunium it is difficult to determine which reactions are important.
Experimental results were compared to previous data and models in Figure 2 . The model tended to under predict the concentration of neptunium in the oxalate-lean region (low Rs*). This result is not surprising because the data used to develop the model do not cover this region. Also Luerkens maintained neptunium in the +4 valence state. Oxidation of neptunium is expected to increase solubility. There was only one case in the oxalate-lean region where concentration was greatly over predicted by Luerkens' model. In Test 2C a low neptunium concentration (1.1 g/liter) was measured in 64% nitric acid at 60ºC. The difference between this test and the other nitric acid tests was the relatively low contact time (< two hours) with nitric acid. During other tests the neptunium oxalate solids were in contact with nitric acid for more that three hours prior to sampling. The nitric acid solution in Test 2C may not have had time to reach equilibrium with the solids before sampling.
A higher neptunium concentration (9 grams Np/liter) was achieved by heating neptunium oxalate (60ºC for approximately three hours) in 64% nitric acid, allowing the solution to sit overnight, decanting most of the acid, and then diluting the remaining solution with water to an acid concentration of approximately 5M (Test 4A). This method was also effective in a similar experiment (Test 4B) where the solution was diluted to approximately 2M nitric acid. One theory explaining the increased concentrations observed in Test 4A and 4B is that exposure to concentrated nitric acid oxidized a portion of the Np (IV) to Np(VI). Once the acid was diluted, Np(IV) reacted with Np(VI) to form Np(V) via the reverse of the disproportionation reaction (Reaction 1). More neptunium would be expected to dissolve, because Np(V) and Np(VI) do not form insoluble complexes with oxalate. A follow up experiment (Test 4C) was conducted to determine if the pretreatment with concentrated nitric acid used in Test 4A and Test 4B is actually required. Neptunium oxalate did not appreciably dissolve in 2M nitric acid even with heating, indicating that the pretreatment does significantly affect the final concentration. Although these results are interesting, use of the method applied in Test 4A and Test 4B is undesirable due to its complexity, a limited understanding of its mechanism, and the amount of time required for dissolution. Based on these considerations, no further studies of this method were performed. During Test 1 (ambient temperature), an attempt was made to minimize the disturbance of the settled solids during permanganate addition. The solids were allowed to sit in permanganate for approximately five hours. At the end of this time a significant portion (roughly 25-50%) of the solids was still on the bottom of the vial. A stir bar was added to the vial and the solids were stirred for approximately two hours. Sodium nitrite was added to destroy any manganese oxide solids. All of the solids dissolved and a concentration of 27.5 grams of Np/liter was measured. There was no significant foaming or gassing during the permanganate addition. The reaction of permanganate with oxalate appeared to be fairly slow. Most likely the reaction was limited by the dissolution rate of the oxalate ions. It is expected that elevating the temperature will increase the dissolution and reaction rates.
Test 2 was performed at 60ºC to verify that the dissolution/reaction rate will be increased, to verify that higher neptunium concentrations can be achieved, and to check for any problems associated with heating (excessive gas generation rate). All of the solids dissolved when the nitrite was added. A neptunium concentration of 40 grams/liter at ambient temperature was measured, but it is expected that even higher concentrations can be obtained. An increased amount of foaming (1-2 inches of foam) was observed during this test. This gas generation is of concern because it could lead to tank over pressurization or eructation. It should be noted that the permanganate addition rate was much faster (all of the permanganate was added in less than two minutes) than what is expected for use in the HB-Line facility.
High Oxalic Acid, Low Nitric Acid Test
The measured neptunium concentration at ambient temperature was only 0.1 grams/liter. This concentration is lower than what Luerkens' model predicts (0.5 grams of Np/liter) for this set of conditions (see Figure 1) . This is not surprising because the solubility factor is well outside of the range of data that Luerkens used to develop his models. This method is not useful for flushing the precipitator.
Manganese Catalyzed Nitric Acid Reaction Test
Concentrations of 2.1 and 2.3 grams of Np/liter were measured at 60ºC and ambient temperature, respectively. The higher concentration at room temperature indicates that the reaction continued to occur overnight as the solution cooled. At a nitric acid concentration of 0.6 M and assuming 2 moles of oxalate per mole of neptunium, Luerkens models predict neptunium concentrations of 0.04 and 0.16 grams Np/liter at 22ºC and 60ºC, respectively. The concentrations obtain using manganese with the same nitric acid concentration were much higher. These results indicate that oxalate was destroyed and/or neptunium was oxidized by nitric acid with the manganese catalyst. Given more heating time or higher temperature the use of a nitric acid with a manganese catalyst appears to be an effective option. Unfortunately, due to current equipment and operating constraints the use of this method does not appear to be practical.
Settling Test
After the vial was swirled a few times, it was noted the solids were all suspended with little effort. Figure 3 contains photos of the vial at various stages of mixing. Once suspended, the solids settled slowly to the bottom indicating small particle sizes. There was no evidence of agglomeration of particles. Based on visual observations, there was very little difference between suspending solids that settled for 2-3 days and those that settled for 10 weeks. Solids that were allowed to settle for 2-3 days had slightly more interstitial water and were slightly easier to suspend. Based on visual observations, it may be possible to suspend solids during flushing which would be expected to increase the dissolution rate and to allow removal of neptunium solids during the flush.
Conclusions
Although a wide variety of options are available for dissolving neptunium oxalate solids, most of these options can be eliminated due to processing and equipment constraints. Nitric acid and permanganate were the only two options evaluated that are practical for flushing the precipitator.
Nitric acid (64%) is only effective for very small precipitator holdup, but it does have the advantage of no product contamination. Measured neptunium concentrations were between 2.6 and 5.6 grams/liter at 60ºC for contact times greater than three hours. Based on these results small amounts of neptunium oxalate can be removed from the precipitator using nitric acid. Assuming a flush volume of 50 liters, it is expected that 100-250 grams of neptunium can be removed in a single flush. It is possible that larger quantities can be removed if the agitator is able to suspend some of the neptunium oxalate solids.
Sodium permanganate is a very effective way to dissolve larger amounts neptunium oxalate. Measured concentrations were as high as 40 grams Np/liter but it is expected that higher concentrations can be achieved. Assuming a flush volume of 50 liters, permanganate is capable of removing at least two kilograms of neptunium in a single flush. It should be noted that additional flushes may be required to ensure manganese solids have been removed from the precipitator. There are two significant disadvantages to the use of permanganate: 1) use of permanganate in the precipitator could lead to product contamination and 2) gas is generated by the reaction of permanganate with oxalate. The addition rate of permanganate will need to be controlled to prevent eructation or tank over pressurization. 
